A dielectric-loaded linac powered by THz-pulses is one of the key parts of the "Attosecond X-ray Science: Imaging and Spectroscopy" (AXSIS) project at DESY, Hamburg. As in conventional accelerators, the AXSIS linac is designed to have phase velocity equal to the speed of light which, in this case, is realized by tuning the thickness of the dielectric layer and the radius of the vacuum channel. Therefore, structure fabrication errors will lead to a change in the beam dynamics and beam quality. Additionally, errors in the bunch injection will also affect the acceleration process and can cause beam loss on the linac wall. This paper numerically investigates the process of electron beam acceleration in the AXSIS linac, taking into account the aforementioned errors. Particle tracking simulations were done using the code ECHO, which uses a low-dispersive algorithm for the field calculation and was specially adapted for the dielectric-loaded accelerating structures.
Introduction
The long term goal of the AXSIS project, which will be hosted at accelerator R&D SINBAD facility (DESY, Hamburg), is to produce fully-coherent X-ray radiation in the attosecond range [1] . In order to generate this radiation, inverse Compton scattering of a laser pulse on an electron beam will be used. Beforehand, an electron beam will be accelerated up to about 20 MeV in the AXSIS linac in order to provide about 5 keV photons after inverse Compton scattering. To realize the acceleration, a cylindrical normal conducting waveguide loaded with dielectric material was chosen (see Fig. 1 ). The first reason for this is that one of the eigenmodes of the accelerating structure is the fundamental azimuthal symmetric transverse magnetic (TM 01 ) mode and an accelerating field in the form of this mode is desired. The AXSIS linac will be powered by a THzpulse. Several pulse incoupling options are currently being investigated. One of these options is incoupling of a radiallypolarized THz-pulse into the linac. Such a pulse will convert to the TM 01 -like mode field as was previously shown in [2] , and this is the second reason why we choose this type of the linac for the experiment. In this paper we assume this type of electromagnetic field excitation in the linac. Despite the simplicity of the accelerating structure and the working principle of the linac, there are some critical points, that dramatically affect the acceleration process and therefore are studied in detail. This include the accelerator fabrication errors and inaccuracy of the beam injection. This is the primary motivation of this work. Figure 1 demonstrates the working principle of the AXSIS linac, which is as follows: after focusing (omitted) and coupling ( Fig. 1 (a) ) the THz-pulse converts to the TM 01 -like mode field, propagates inside the linac ( Fig. 1 (b) ) and, after reflection ( Fig. 1 (c) ), propagates back with the injected electron beam downstream the linac ( Fig. 1 (d) ).
Statement of the problem
The main goal of this work is to determine the requirements for the production tolerances of the linac, based on simulation studies. We have investigated the influence of the linac manufacturing errors and the beam injection misalignment on the beam acceleration in terms of the maximum achievable output kinetic energy, the transverse and longitudinal phase space of the beam, the stability of the beam dynamics along the linac and the beam charge losses.
For the particle tracking simulations we used the ECHO code [3, 4] which was specially adapted for dielectric-loaded accelerating structures of cylindrical and rectangular configurations. For the equations of particle motion, this code uses the standard leapfrog scheme. For the calculation of the excited non-stationary electromagnetic field, a special low-dispersive algorithm was implemented in this code. This is done in order to avoid numerical dispersion on the spatial grid. In turn, it makes it possible to significantly improve the accuracy of calculation without increasing the grid density and avoiding nonphysical effects.
Our simulations were performed with parameters similar to the planned parameters of the linac and THz-pulse for the AXSIS project [1] . The parameters of the input bunch were taken from [5] and are presented in Table 1 . The parameters of the dielectric-loaded accelerator are chosen such that at the cen- tral frequency of the pulse, the phase velocity is exactly equal to the speed of light in vacuum. 
Simulation results
A phase velocity, especially for a THz-range, is extremely sensitive to the linac parameters and it could lead to undesired effects like phase slippage, and, as a result, to beam quality degradation. If the fabricated linac differs from designed one, then at the central frequency of the THz-pulse, the phase velocity does not equal to the speed of light due to frequency dispersion. We start with the case of the fabrication errors. We assume that we have fixed all the parameters except for the dielectric thickness. The natural way to fix this error is to tune the frequency to satisfy the desired phase velocity. The first question is how the frequency of the THz-pulse should be corrected in order to achieve (after changing the dielectric thickness) a phase velocity exactly equal to the speed of light at the new (corrected) frequency. Using a dispersion equation for TM modes of the dielectric loaded cylindrical waveguide [6, 7] this problem was solved numerically. Figure 2 shows the result of this correction. Figure 2 : Dependence of the frequency correction on the outer dielectric radius fabrication error (designed dielectric thickness as in Table 1 ). The phase velocity equals the speed of light along the line.
It can be seen that this dependence is linear and, for example, for the outer dielectric radius fabrication error of 1.5 µm we should change the THz-pulse frequency from 300 GHz to 296.696 GHz. It means that the correction will need a frequency tuning precision of about 1 MHz.
As we are interested in the maximum output bunch kinetic energy, we compare the results of three simulations in order to define the influence of the fabrication errors. These simulations correspond to the cases: (1) the optimized linac (with exact parameters), (2) the linac with 1.5 µm outer dielectric radius fabrication error without the frequency correction (300 GHz) and (3) the linac with 1.5 µm outer dielectric radius fabrication error with the frequency tune shift (296.696 GHz). In order to find the maximum output bunch kinetic energy we use the 4.77 MeV point-like on-axis particles. Figure 3 shows results of these simulations.
Comparison of these three cases shows that by even small detuning of 1.5 µm we will lose around 4 MeV bunch kinetic energy without frequency correction. But with frequency shift tune it is completely possible to compensate the detuning. More detailed analysis shows that the peaks on the curve of the output kinetic energy versus the injection time for the case of the detuned linac without the frequency correction become more narrow (as shown in zoomed parts of the Fig. 3) . As a consequence it will lead to an increase of the beam energy spread. After the simulations with the point-like beam we carried out acceleration simulations for the model beam for the cases of an ideally tuned linac and a detuned linac with corrected frequency. As for previous simulations the beam parameters at the linac entrance are set according to Table 1 . In order to study the effect of the frequency correction for the detuned linac on the beam parameters we have compared the transverse and longitudinal phase spaces at the linac output. The results for the transverse phase space comparison including the Twiss parameters are presented in Fig. 4 (for both horizontal and vertical planes). As it can be seen the transverse phase spaces of the bunch at the linac exit are very similar. In turn, from practical point of view it means that we do not need to change any beamline modules after the linac exit. We did the same comparison for the longitudinal phase space at the linac exit and the results are presented in Fig. 5 . Figure 5 demonstrates that even with THz-pulse frequency tune there is little difference in the longi- tudinal phase spaces of the output beam. The reason is that the energy gain takes place as long as the bunch is in the accelerating phase of the THz-pulse [8] . The difference in maximum output energy is the difference in group velocities at 300 GHz for the tuned linac and for the detuned linac at 296.696 GHz, which is less than the speed of the electron bunch. Let us now consider beam injection transverse misalignments. As mentioned above, we will keep all the beam parameters as charge, average energy, energy spread and emittance the same. The first misalignment option is the horizontal (or vertical) offset of the injected beam. In this case we were mainly interested in radial stability of the acceleration. Figure 6 shows the dependence of the beam horizontal position on the longitudinal coordinate. It can be seen that the correction of the radial beam position takes place during acceleration process. An explanation is that for the initial 4.77 MeV beam, in order to achieve the maximum energy at the linac output, we should inject the beam almost on crest. Since for the excited field F z ∝ cosφ and F r ∝ −sinφ (where φ is a phase of the beam relative to the field) [9] , there is an injection phase region, where simultaneous acceleration and focusing take place for the maximum energy gain regime. As a result due to rf focusing [10] the radial field will push the beam back to the axis. This means that for the chosen beam the initial offset is not a critical point for linac operation. We examined a range of beam offsets. Some of the output beam parameters are presented in Table 2 . For offsets more than 60.0 µm the beam starts to lose charge at the entrance aperture. It should be noted that the transverse beam dynamics depend on the injection phase. As a result, for lower initial energy (for the maximal energy gain regime) the beam will deflect to the dielectric.
The second studied case of the beam misalignment is beam injection with non-zero azimuthal angle. For this type of injection we focused on the problem of beam losses on the dielectric surface, as the most critical one. Figure 7 illustrates the dependence of the charge losses on the angle of injection. The obtained dependence shows that for a beam injection angle less than 0.5 degrees there are no charge losses at all and around 10% (reasonable losses) of the charge is lost for an angle of 0.65 degrees. Additionally we have compared two cases: (1) with the THz-pulse and (2) without the THz-pulse. As it can be seen the injection angle at which charge losses reach around 10% is about a factor of two larger for the case with THz-pulse. The reason is that due to the rf focusing, the THz-pulse corrects the beam to the linac axis. The accuracy of the necessary angle adjustment is technically realizable using stepper motor systems. It should be noted, that for the considered initial position and angle beam offsets (which lead to charge losses less than 10%) output beam parameters stay almost the same.
Conclusion
This paper summarizes error and tolerance studies for the AXSIS linac. Requirements for the THz-pulse frequency tuning in order to compensate dielectric thickness fabrication errors were obtained. Simulation results demonstrate that the tuned linac and detuned linac with corrected THz-pulse frequency are almost the same. The beam offset studies show that for the initial 4.77 MeV electron beam and for the maximal energy gain regime the offset will be corrected by the field of the THz-pulse. Also it was demonstrated that injection angle misalignment, which lead to beam losses, can be adjusted by the linac alignment.
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